The effects of changes in peritubular pH, carbon dioxide tension (Pco2), and HCO3 concentration on net HCO3 transport was examined in in vitro perfused cortical collecting tubules (CCTs) from unpretreated New Zealand white rabbits. Lowering peritubular HCO3 concentration and pH by reciprocal replacement of HCO3 with Cl-, significantly stimulated net HCO3 absorption. Lowering peritubular HCO3 concentration and pH, by substitution of HCO3 with gluconate, while keeping Cl-concentration constant, also stimulated net HCO3 absorption. Raising peritubular HCO3 concentration and pH, by reciprocal replacement of Cl-with HCO3, inhibited net HCO3 absorption (or stimulated net HCO3 secretion). When the tubule was cooled, raising peritubular HCO3 concentration had no effect on net HCO3 transport, suggesting these results are not due to the passive flux of HCO3 down its concentration gradient.
Introduction
Whole-animal studies have suggested a role for the distal nephron in the renal response to systemic acid-base disturbances (1-3).
tical collecting tubule (CCT)' can display either net HCO absorption or secretion (4) (5) (6) (7) (8) (9) . Thus, the CCT may participate in the final acidification or alkalinization of the urine. The parameters modulating net HCO transport in the CCT have been only partially characterized. Isolated perfused tubule studies demonstrate that the direction of net HCO transport by the CCT is influenced by the preexisting acid-base status of the animal from which the tubule was harvested (4, 5, 7) . Tubules harvested from animals with chronic metabolic acidosis demonstrate augmented HCO absorption (4, 5, 7, 8) , whereas tubules harvested from animals with chronic metabolic alkalosis display enhanced HCO secretion (4, 5, 9, 10) . Thus, transport of HCO by the CCT can be influenced by chronic in vivo metabolic acid-base disturbances and furthermore appears to display a memory of the in vivo environment after being transferred to an in vitro system. The signal for this change in both the magnitude and direction of net HCO transport by the CCT is unknown.
Respiratory acid-base disorders may also influence CCT acidification. Recent morphologic studies focusing on the CCT intercalated cell have suggested a role for C02 in the regulation of CCT HCO absorption. Of the two cell types identifiable by light microscopy, it is the intercalated, or mitochondrial-rich cell, rather than the principal cell that is thought to reabsorb HCO-via active H+ secretion (6, (11) (12) (13) (14) (15) (16) (17) . Electron microscopy ofthis cell shows significant increases in the apical cell membrane surface area when experimental animals were subjected to 4 h of respiratory acidosis (16, 17) . These changes have been interpreted as consistent with an increased number of proton pumps on the luminal membrane of the intercalated cell (16, 17) . It has been suggested that this leads to augmented proton secretion by the CCT. Similar findings have been inferred in the turtle bladder and isolated perfused CCT (12, 18) . Labeling of intracellular acidic compartments with fluorescent probes, demonstrates augmented apical exocytosis in response to isohydric increases in ambient PCo2. However, no measurements of HCO flux or proton secretion were made under conditions that examined isolated changes ofPCO2 and pH within the physiologic range.
Recent evidence suggests that the intercalated cell is also responsible for bicarbonate secretion (17, 19) . It is felt that a subset of intercalated cells secrete HCO via apical cell membrane Cl-HCO exchange (19, 20) . As noted above, in vitro perfused CCTs can secrete and reabsorb HCO. It is likely that both processes occur simultaneously and net HCO3 transport is the sum of these two unidirectional fluxes.
To date, net HCO transport by the isolated perfused rabbit CCT has been shown to be acutely influenced by transtubular Cl-gradients (21) , isoproterenol, and cyclic AMP (10) . In addition, antidiuretic hormone has been shown to influence HCO transport in the rat CCT (22) . Direct acute effects of ambient acid-base conditions on net HCO transport in the CCT remain uncharacterized. This in vitro microperfusion study was therefore designed to examine the effect of acute, in vitro changes in peritubular HCO concentration, pH, and Pco2, on net HCO transport by the CCT. These changes were designed to mimic the peritubular environment that might bathe the CCT during acute in vivo acid-base disorders. Our findings show that it is primarily peritubular HCO3 concentration but not peritubular pH or Pco2 which influences net HCO5 transport in the CCT.
Methods
Female New Zealand white rabbits weighing between 1.5 and 2.0 kg were killed by decapitation. The left kidney was removed and 1-mmthick coronal slices were made. These were placed in chilled ultrafiltratelike solution containing 5% vol/vol fetal calf serum, pH 7.4. A slice was transferred in this chilled solution to a dissecting microscope where individual CCTs were freehand dissected with sharpened forceps. The freed segment was then transferred to a thermostatically controlled lucite bath chamber on an inverted microscopic stage. The tubule was cannulated and perfused with concentric micropipettes as previously described (4, 23, 24) . The inner perfusion pipette was advanced 50-100 Am into the tubule lumen and served as a bridge into the tubular lumen to measure transepithelial potential difference (PD, in millivolts). Ringer's agarose bridges were in contact with the perfusate in the rear of the pipette and with the bath solution. Each bridge was, in turn, connected to a calomel half-cell, via a second Ringer's agarose bridge in series with the first. Transepithelial PD was monitored with an electrometer (Keithley Instruments, Inc., Cleveland, OH, model 602) and continuously recorded on a strip chart recorder.
After cannulation bath flow was adjusted to at least 0.5 ml/min with a Sage infusion pump (Sage Instruments, Cambridge, MA). The bathing solution was warmed to 370C-380C. The perfusion rate was adjusted to between 0.5 and 2.0 na/mm. min. The perfusate was collected in a constriction pipette of known volume that ranged between 14.5 and 36 nl. The equilibration period lasted 40-60 min after the bath heat was turned on. The control period was then begun with a measurement of volume flux (Jv) , and then two to four total CO2 flux (JTcO2) determinations were made. After determination of control period Jv and JTCO2, the bath was changed to one of 10 different experimental solutions.
Another Jv determination was made, lasting 10-15 min. Then two to four additional determinations of JTCO2 were made during the experimental period. These results were also averaged. The perfusate remained unchanged in all of these studies except for the assumed rapid equilibration of the bath and luminal Pco2 (25) (24, 26, 27 Effect ofchanging ambient Pco2. In experiments designed to simulate acute respiratory acid-base disorders, the bath Pco2 and pH were altered. Two different degrees of acute in vitro respiratory acidosis and respiratory alkalosis were studied.
Ambient pH was lowered from 7.4 to 7.05 by raising the ambient Pco2 from 40 to 80 mmHg (Fig. 5 , Table II ). Control and experimental period perfusion rates were 1.06±0.08 and 1.09±0.04 nl/mm * min, respectively (P = 0.61, NS). In six tubules with a mean length of 2.06±0.14 mm, the PD averaged -31.7±4.3 mV during the control period and -29.8±3.9 mV during the period of hypercapnea (P > 0.60, NS). The mean JTCo during the control period was 1.44±0.74 pmol/mm/min and 2.36±1.50 pmol/mm/min during the experimental period. This difference was not statistically significant (P > 0.40). Thus, doubling the Pco2 and lowering the pH had no effect on net HCO-transport. Micropuncture studies in the rat have shown that during acute in vivo respiratory acidosis renal cortical Pco2 may be as much as 50 mmHg greater than the arterial Pco2 (30) . Renal cortical Pco2 in the rabbit has also been found to be roughly 20 mmHg higher than arterial Pco2 under eucapneic conditions (31) . Furthermore, a variety of studies suggest that acute in vivo respiratory acidosis stimulates HCO absorption in the distal nephron and CCT in particular (3, 17) .
It is possible that doubling the bath Pco2 might be insufficient to evoke a measurable increase in HCO5 absorption. We therefore examined the effect of raising bath Pco2 from 40 (Fig. 9 , Table II recovery was only partial since JTCO2 was not significantly different from experimental JTCO2 using analysis of variance. The reason for incomplete recovery is unclear but may be secondary to the small number of tubules in this group. Additionally, recovery may require a longer period of time. Nevertheless, this experiment is consistent with the previous studies and also demonstrates that lowering the bath HCO-concentration stimulates net HCO-absorption whether pH is constant or allowed to fall.
Discussion
The present studies examine the effect of acute in vitro changes in peritubular HCO-, pH, and Pco2 on net HCO-transport in the CCT. Lowering the peritubular HCO-and pH stimulated net HCO-absorption whereas raising the peritubular HCO-and pH stimulated net HCO-secretion. Lowering peritubular HCO-without changing peritubular Cl-concentration also stimulated HCO-absorption, showing that alterations in peritubular Cl-concentration were not necessary for this effect.
Cooling experiments were performed to show that the passive movement of HCO-down its concentration gradient does not account for these findings. Changes in ambient Pco2, associated with changes in bath pH comparable to those studied in the metabolic acid-base disturbance protocols, had no effect on net HCO-transport by the CCT. Only when the ambient Pco2 was lowered to -8 mmHg was net HCO3 absorption inhibited. Finally, isohydric increases and decreases in HCO-concentration demonstrate that changes in peritubular HCO3 but not pH was the critical parameter modulating net HCO5 transport. In conclusion we find that changes in peritubular HCO-and Cl-concentration, but not pH or ambient Pco2 (within the physiologic range), regulate net HCO-transport in the CCT.
Bicarbonate movement in the CCT is unique in that bidirectional active HCO-transport exists. McKinney and Burg (5) first demonstrated HCO5 transport in the CCT and documented that chronic in vivo metabolic alkalosis stimulates net HCO5 secretion whereas chronic in vivo metabolic acidosis stimulates net HCO-absorption. Both of these processes are very similar to HCO-transport mechanisms in the turtle bladder (8) (9) (10) (11) (34) (35) (36) .
Bicarbonate absorption by both the turtle bladder and the CCT is electrogenic (6, 11, (32) (33) (34) (35) . Most data suggest that protons are electrogenically pumped into the lumen by an apical membrane proton translocating adenosine triphosphatase leaving OH-ions in the cell (35) (36) (37) (38) (39) . Since HCO-absorption is inhibited by low CO2 tensions and acetazolamide (8, (32) (33) (34) 36) it is likely that the intracellular OH-is carboxylated by C02, in a carbonic anhydrase facilitated step, to form HCO5, which then exits the cell. HCO-absorption is inhibited by the removal ofperitubular Cl-so it has been postulated that basolateral HCO-exit is mediated by a Cl-/HCO-exchanger (40, 41). Electrochemical gradients for both HCO5 and Cl-may thus influence base exit from the cell.
The mechanism for unidirectional HCO-secretion is less well established. This process appears to be sodium-independent, insensitive to ouabain, and inhibited by acetazolamide (9, 10, 20) . HCO-secretion is also inhibited by the removal of luminal Cl-, so that a luminal Cl-/HCO-exchanger has been proposed (10, 19, 20, 42, 43) . It has recently been postulated that a basolateral proton translocating adenosine triphosphatase secretes protons into the peritubular space, raising cell HCO-concentration, thus driving HCO-secretion (19, 44) . The HCO-secretory cell may then be essentially the same as the HCO-absorptive cell except that its polarity is reversed. According to this model the HCO-secretory cell would possess a luminal Cl-/HCO5 exchanger and basolateral proton pump. This is the inverse of the apical proton pump and basolateral Cl-/HCOj exchanger that has been proposed for the HCO5 absorptive cell. Net HCO-transport in the CCT is the sum of these two unidirectional processes.
Our studies have demonstrated that changes in peritubular HCO-and Cl-concentration influence HCO-transport by the CCT. Transtubular C1-gradients have been shown to influence net HCO-secretion (21) . Chloride gradients might alter net HCO-transport in the CCT by influencing base exit via a Cl-/HCO-exchanger which could be located on either the luminal or peritubular membrane. Changes in Cl-concentration gradients across membranes containing a proton pump may also influence the rate of proton pumping. For example, altered HCO absorption in the medullary collecting duct has been observed with changes in luminal Cl-concentration (41) . Removing luminal C1-in the medullary collecting duct stimulated HCO absorption by 50%. Because this segment only absorbs HCO (4) it is unlikely that inhibition of simultaneous HCO secretion accounts for these observations. It was postulated that the increased bath-to-lumen Cl-gradient enhanced shunting of electrogenic proton secretion. Thus, if the HCO secretory cell is in fact the same as the HCO absorptive cell, except with reversed polarity, changes in peritubular Cl-concentration may influence both unidirectional HCO secretion and unidirectional HCO absorption, thereby altering net HCO transport. Whatever the mechanism, it is unquestionable that Cl-concentration gradients can influence net HCO-transport in the CCT.
The changes in peritubular Cl-concentration used in the current study are similar to the changes in peritubular C1-concentration that would be predicted to occur in vivo during met-abolic acid-base disturbances. These gradients are smaller than those studied by Laski et al. (21) . As The next series ofexperiments examined the effects ofaltering ambient Pco2 within the physiologic range. We found no effect of changing Pco2, over a range from 14 to 120 mmHg, on net HCO-transport in the CCT. There are several possible explanations for this lack of an effect of changes in Pco2 and pH on net bicarbonate transport in the CCT. It is possible that unidirectional bicarbonate secretion and unidirectional bicarbonate absorption may both be simultaneously, symmetrically, stimulated or inhibited by these changes in Pco2. Both net bicarbonate secretion and bicarbonate absorption are inhibited by acetazolamide (8, 9 ). This suggests they may both be dependent on the presence ofCO2 and carbonic anhydrase for the formation of HCO-from intracellular OH-ion and CO2 as outlined previously. The The current studies found no change in net HCO-absorption when PCO2 was varied between 14 and 120 mmHg. Only when the ambient Pco2 was lowered to less than 14 mmHg did net HCO-transport fall. No increase in HCO-absorption was found when the ambient Pco2 was doubled or even tripled. These findings are similar to the previous studies cited in so far as a major effect of Pco2 on HCO-absorption occurs only in the hypocapneic end of the spectrum, i.e., when the cell would be expected to become alkaline. Near-maximal rates of HCO-transport appear to be achieved at a lower ambient Pco2 than is observed in the turtle bladder. There may be several reasons for these differences including (a) relative insensitivity of the assay (microcalorimetry in the CCT vs. electrically determined proton secretion in turtle bladder), (b) the measurement of net HCO3 flux vs. unidirectional proton secretion, (c) physiologic differences in the epithelium studied, such as different cell buffering power, different rates of metabolic CO2 production, or differences in substrate affinity of H+ or HCO-transporters. Nevertheless, assuming that cell pH changes when ambient Pco2 is changed, these studies suggest the same conclusion: cell pH is probably not a critical regulator of net acidification in the CCT outside ofthe alkaline range. Under physiologic conditions the regulation of CCT acidification may occur on the plateau portion of the JH+/cell pH curve where factors other than cell pH play a predominant role. This conclusion is further strengthened by the finding that the changes in net HCO transport induced by isohydric changes in peritubular HCO3 concentration are roughly the same as the effect of nonisohydric changes in peritubular HCO-concentration. Isohydric changes in peritubular HCO3 would presumably change cell pH much less than nonisohydric changes (if at all), yet no discernable difference in AJTCO2 is seen between these two experimental groups. It seems that HCO3
and Cl-concentration gradients have a much more striking effect on net HCO3 transport than do changes in peritubular pH.
The morphologic studies of Verlander et al. (17) suggest that proton secretion by the rat CCT is stimulated by in vivo respiratory acidosis. These investigators describe two subpopulations of intercalated cells in the rat CCT: a light form with prominent apical microprojections and a dark form with short and sparse apical projections. The light form displayed extensive proliferation of the apical membrane during respiratory acidosis, similar to that observed by Madsen and Tisher (16) in the outer medullary collecting duct of the rat during respiratory acidosis. These changes are consistent with increased insertion of proton pumps on the apical membrane of these cells (16) . The authors suggest that the light intercalated cell is responsible for proton secretion (i.e., HCO-reabsorption) and the dark intercalated cell is responsible for HCO5 secretion. Inasmuch as respiratory acidosis only changed one cell subpopulation, the authors suggest that respiratory acidosis stimulates net HCO absorption in the CCT, enhancing urinary acidification. The previously cited studies of Schwartz and Al-Awqati (18) in the isolated perfused CCT also suggest a role for hypercapnea as a stimulus for increased insertion of proton pumps on the apical cell membrane of a subpopulation of intercalated cells in the CCT.
There are several possible explanations for the apparent discrepancy between our findings and these studies. The studies of Verlander, Madsen, and Tisher were on animals with 4 h of in vivo respiratory acidosis. The time of hypercapnea or any one of several other in vivo perturbations, such as altered catecholamines, or changes in the luminal fluid delivered to the CCT, could be additional important variables.
The studies of Schwartz and Al-Awqati (18) examined simultaneous lumen and bath isohydric increases in PCo2. We examined only peritubular changes in these studies so no direct comparison can be made between the two studies. Small changes in net HCO-transport might go undetected in our study yet be associated with impressive changes in cell morphology. Even if this were the case one could still conclude that the effects of peritubular HCO-and Cl-concentration are certainly predominant over those of either pe-itubular pH or PCo2. It is also possible that these morphologic changes may, in fact, not be associated with enhanced net urinary acidification by the CCT.
We would like to stress that these studies examined only net HCO-transport in cortical collecting tubules. In each of the protocols it is impossible to ascribe any significant change in net HCO-transport to changes in unidirectional proton secretion or HCO-secretion. Similarly, in protocols in which no effect on net HCO-transport was observed it is possible that significant but cancelling effects on unidirectional H' secretion and HCO-secretion occurred.
In conclusion the current studies demonstrate that acute in vitro changes in ambient Pco2 within the physiologic range do not affect net HCO-transport 
